Background: PDCD4 is regulated by multiple mechanisms and is involved in tumor promotion. Results: PDCD4 mRNA is bound by the RNA-binding proteins HuR and TIA1, resulting in modulation of PDCD4 mRNA and protein levels. Conclusion: This study describes a dynamic regulation of PDCD4 mRNA via the 3ЈUTR. Significance: This work reveals an additional regulatory mechanism that modulates levels of the tumor suppressor PDCD4.
Post-transcriptional processing events are critical to ensure the proper gene expression profile of a cell. These events include the capping, splicing, 3Ј end processing, export from the nucleus, translation, and eventual decay of an mRNA transcript in the cytoplasm (1) . A myriad of RNA-binding proteins and noncoding RNAs, such as microRNAs (miRNAs), 3 mediate these post-transcriptional events and therefore are key factors in modulating gene expression (2, 3) . Highlighting the importance of these events, there are a growing number of examples in which the dysregulation of RNA-binding proteins or miRNAs and, in turn, the post-transcriptional processing events they mediate are associated with various types of cancer (4 -6) . The 3Ј-untranslated region (UTR) of an mRNA transcript is the site of binding and regulation for many post-transcriptional factors. The AU-rich element-binding proteins represent one class of RNA-binding proteins that mediate their post-transcriptional function by binding to AU-or U-rich RNA elements (AREs) located primarily within the 3ЈUTRs of target mRNAs. This protein family, which includes the mRNA stability factor human antigen R (HuR) and the translational repressor T-cell intracellular antigen 1 (TIA1), plays a role in the post-transcriptional regulation of a number of biologically important mRNAs (7) (8) (9) .
HuR is the ubiquitously expressed member of the embryonic lethal abnormal vision (ELAV) family of RNA-binding proteins (10) . Two N-terminal RNA recognition motifs (RRMs) within HuR mediate recognition of AREs located primarily within the 3ЈUTR of target mRNA transcripts (11, 12) . A third RRM in the C terminus of HuR has affinity for polyadenosine RNA and is thought to bind to the poly(A) tail of target mRNAs (13, 14) .
The majority of HuR localizes to the nucleus at steady state but can shuttle out of the nucleus when the cell experiences stress such as oxidative stress (15) or transcriptional inhibition (16) . For the majority of HuR target transcripts, association with HuR in the cytoplasm leads to increased stability of the HuRbound target mRNA, ultimately resulting in an increase in the steady-state protein level (17) . In addition to this conventional role of HuR in stabilizing mRNAs, recent work has revealed that HuR can positively regulate the translation of target transcripts without affecting their stability (18, 19) or even repress the expression of target transcripts via cooperative interactions with the miRNA machinery (20) . Together, these studies reveal a complex role for HuR in the post-transcriptional processing of target mRNAs. Further adding to this complexity is the observation that HuR interacts with other AU-or U-rich element RNA-binding proteins, both cooperatively (21) and competitively (22) , to fine-tune the expression of target transcripts.
TIA1 is an RRM-containing RNA-binding protein that modulates the splicing and translation of target mRNAs (23, 24) . TIA1 contains three tandem RRMs at the N terminus of the protein followed by a glutamine-rich C-terminal domain (25) . RRM2 of TIA1 has specificity for U-rich RNA and mediates high affinity binding to intronic and 3ЈUTR regions of target mRNAs (26, 27) . TIA1 is present in both the nucleus and the cytoplasm and can shuttle between the two compartments (28, 29) . Similar to HuR, TIA1 localization shifts toward the cytoplasm upon transcriptional inhibition (29) . During oxidative stress, TIA1 binding to the 3ЈUTR of target transcripts promotes the formation and sorting of translationally incompetent preinitiation complexes into stress granules, resulting in translational repression (30) .
Recent transcriptome-wide analyses of both HuR and TIA1 binding reveal a large number of candidate mRNA targets that could be bound and regulated by these RNA-binding proteins (12, 27, (31) (32) (33) . These studies suggest HuR binding to ϳ10% of the transcriptome, specifically within the 3ЈUTRs and introns of these candidate target transcripts. Further analyses of these sequencing studies reveal a robust preference of HuR for U-rich sequences, which challenges the previously held belief that HuR is an exclusively AU-rich RNA-binding protein (12, (31) (32) (33) . Secondary structural predictions of the candidate HuR-binding sites suggest a preference for single-stranded RNA for binding to HuR, specifically within the context of a loop (12, 34) . A recent TIA1 iCLIP study reveals a high degree of TIA1 binding to U-rich regions found within the 3ЈUTRs of target transcripts (27) . The observation that HuR and TIA1 both bind preferentially to U-rich 3ЈUTR regions suggests that these two proteins may coordinately regulate a number of target mRNAs.
These transcriptome-wide studies validate many well characterized HuR targets, including the cell cycle regulators cyclin A, B1, D1, and E1 (35) (36) (37) , p53 (19, 38) , and estrogen receptor ␣ (ER␣) (38) transcripts. Recently, a number of apoptotic factors whose transcripts are bound by HuR have been identified, including prothymosin ␣ (18), cytochrome c (21), Bcl-2, and Mcl-1 (39) . Interestingly, TIA1 also regulates a number of apoptotic mRNAs, including the tumor necrosis factor ␣ mRNA (TNF-␣) (24, 40) . These studies suggest a potential role for HuR and TIA1 in coordinating the apoptotic program (39) .
Among the biologically important targets of HuR and TIA1 are several putative cancer-relevant targets. One such transcript identified in transcriptome-wide analyses is the novel tumor suppressor, programmed cell death 4 (PDCD4). The PDCD4 protein binds to and inhibits the activity of the eukaryotic translation initiation factor 4A (eIF4A) (41) , which is an RNA helicase that is responsible for unwinding the secondary structure in the 5ЈUTRs of translating mRNAs (42) . Reduction of PDCD4 protein levels, which is observed in a number of cancer types (43) , results in an increase in protein production and increased tumor promotion (41, 44) . The finding that PDCD4 is a key regulator of global translational levels suggests that PDCD4 is likely regulated by multiple factors. The oncomiR, miR-21, which is overexpressed in almost all cancer types examined (45) , is a well defined regulator of PDCD4 that functions by binding to the 3ЈUTR of the PDCD4 transcript and reducing PDCD4 protein levels (46, 47) . Furthermore, PDCD4 expression is regulated at the transcriptional (48, 49) and posttranslational levels (43, 50, 51) . The recent transcriptome-wide sequencing studies on HuR and TIA1 described above suggest that the PDCD4 transcript may be a target of these proteins; therefore, an additional mode of regulation could modulate PDCD4 protein levels.
In this study, we extensively characterized the PDCD4 transcript as a novel target of HuR and TIA1 in a breast cancer cell line, MCF-7 (52) . In addition to RNA-immunoprecipitation (RNA-IP) with HuR and TIA1, we employed RNA-imaging probes deliverable to live cells (53) and proximity ligation assay (PLA) (54, 55) to examine the interplay between HuR and TIA1 on the PDCD4 transcripts with single-interaction sensitivity on a per cell basis. Contrary to previous studies that describe a cooperative relationship between HuR and TIA1 in binding to RNA (21) , we observe a competitive interaction between HuR and TIA1 on the PDCD4 transcript in the cytoplasm. Analysis of the nuclear and cytoplasmic pools of PDCD4 mRNA reveals a significantly more stable population of PDCD4 mRNA in the cytoplasm compared with the nucleus. Knockdown of HuR and/or TIA1 results in a steady-state decrease of PDCD4 mRNA and protein levels, supporting a role for these factors in positively regulating PDCD4 mRNA levels. Together, these data present a novel and dynamic mode of regulation of PDCD4 mRNA by multiple factors that contribute to fine-tuning the level of PDCD4 protein in breast cancer cells.
(Invitrogen). The HuR RNA-binding mutant (HuR(BM); N21A, Y109A, R147A) was generated by site-directed mutagenesis using the QuikChange kit (Stratagene). Primers used throughout the study are shown in Table 1 . MCF-7 cells were transfected with 0.8 g of HuR-GFP or 0.8 g of TIA1-GFP plasmid (gifts from Dr. Myriam Gorospe, NIA, National Institutes of Health). mRNA-targeted probes were delivered 36 h after plasmid transfection. A set of three pre-designed Stealth siRNAs (assay ID numbers s4608, s4609, and s4610; Invitrogen) or 200 nM On-TARGET SMARTpool HuR siRNA (Thermo Scientific Dharmacon) was employed for knockdown of HuR. A set of three pre-designed Stealth siRNAs (assay ID numbers s14131, s14132, and s14133; Invitrogen) was employed for knockdown of TIA1. For control, 200 nM On-TARGETplus nontargeting siRNA number 1 (Thermo Scientific Dharmacon) was used. mRNA-targeted probes were delivered 48 h after siRNA transfection.
Immunoblotting-MCF-7 cells were harvested and washed in 1ϫ PBS and then lysed on ice in RIPA-2 buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing protease inhibitors (PLAC: 3 g/ml of pepstatin, leupeptin, aprotinin, chymostatin, and 0.5 mM PMSF). Immunoblotting was performed using standard methods (56) . Briefly, 30 g of total protein lysate per sample was resolved by SDS-PAGE and transferred onto a nitrocellulose membrane. For immunoblotting, a 1:1,000 dilution of HuR or TIA1 antibody (Santa Cruz Biotechnology; clones 3A2 and c-20, respectively), a 1:2,000 dilution of HSP90 (Santa Cruz Biotechnology; clone F-8) or poly(ADP-ribose) polymerase antibody (Pharmingen; clone 4C10-5), a 1:4,000 dilution of PDCD4 antibody (Rockland; rabbit polyclonal), or a 1:5,000 dilution of ␣-tubulin antibody (Sigma; clone DM1A) was used followed by 1:3,000 dilutions of HRP-conjugated goat anti-mouse IgG, HRP-conjugated goat antirabbit IgG, or HRP-conjugated mouse anti-goat IgG secondary antibodies (Jackson ImmunoResearch).
RNA Isolation-Total RNA was isolated from MCF-7 cells using TRIzol reagent (Invitrogen) in accordance with the manufacturer's instructions. Reverse transcriptase reactions with Moloney murine leukemia virus RT (Invitrogen) used 1 g of RNA for a final concentration of 50 ng/l cDNA per sample that was used for quantitative RT-PCR.
Isolation and enrichment of miRNAs from MCF-7 cells was performed using an miRNeasy mini kit (Qiagen). For reverse transcription, 10 ng of isolated RNA was used with the TaqMan miRNA RT kit (Invitrogen; miR-21 and RNU48 assays) according to the manufacturer's instructions.
Quantitative RT-PCR-For qRT-PCR analyses, 1 g of total RNA was transcribed to cDNA as described above. Relative mRNA levels were measured by quantitative PCR analysis of triplicate samples of 5 ng of cDNA with QuantiTect SYBR Green Master Mix using an Applied Biosystems real time machine (ABI). Results were analyzed using the ⌬⌬C T method (57) and normalized to the 18 S rRNA or RPLP0 transcript. Statistical significance was determined using one-way ANOVA. A list of primers used for these analyses is shown in Table 1 .
miR-21 and RNU48 levels were detected using TaqMan primers for each transcript and the TaqMan Universal PCR Master Mix, no UNG (Invitrogen). Results were analyzed using the ⌬⌬C T method (57) and normalized to the RNU48 transcript. Statistical significance was determined using one-way ANOVA.
RNA Immunoprecipitation-RNA-IPs to assay endogenous HuR/PDCD4 mRNA interactions were performed using standard methods (58) . Briefly, MCF-7 cells were grown to confluency in 100-mm dishes and rinsed twice with ice-cold PBS. Lysates were prepared with an equal pellet volume of polysome lysis buffer (PLB: 10 mM HEPES, pH 7.0, 100 mM KCl, 5 mM MgCl 2 , 0.5% Nonidet P-40, 1 mM DTT, RNase OUT (Invitrogen), and 1 cOmplete protease inhibitor tablet (Roche Applied Science)) and stored at Ϫ80°C. Protein A-Sepharose beads (Santa Cruz Biotechnology) were incubated at 4°C overnight with either mouse IgG or HuR antibody (Santa Cruz Biotechnology). Beads coated in antibody were resuspended in NT2 buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , 0.05% Nonidet P-40) supplemented with RNase OUT (Invitrogen) and 1 mM DTT. Thawed and clarified cell lysates were added, and the bead/antibody/cell lysate mixture was incubated at 4°C for 2 h while tumbling end-over-end. After incubation, beads were spun down and washed five times with cold NT2 buffer. The bound RNA was isolated with TRIzol (Invitrogen) and purified according to the manufacturer's instructions.
To detect FLAG-HuR/PDCD4 mRNA interactions, MCF-7 cells were grown to near confluency in 100-mm plates and transfected with pcDNA3, FLAG-HuR, or -HuR(BM) plasmids. After 48 h, cell lysates were prepared and frozen as described above. FLAG-M2 magnetic beads (Sigma) were resuspended in supplemented NT2 buffer described above. Thawed and clarified cell lysates were added to beads and incubated at 4°C for 2 h while tumbling end-over-end. After incubation, beads were magnetized and washed five times with cold NT2 buffer. FLAG-HuR⅐RNA complexes were eluted with excess FLAG peptide (Sigma), and bound RNA was isolated with TRIzol (Invitrogen) and purified according to the manufacturer's instructions.
Immunofluorescence-Prior to visualization by indirect immunofluorescence, MCF-7 cells were fixed with 1-2% formaldehyde (EM Science) for 10 min, permeabilized with 0.1% Triton X-100 for 5 min, and incubated with Hoechst or DAPI (Invitrogen) to mark the position of the nucleus. To localize endogenous HuR, FLAG-HuR, or HuR-GFP by immunofluorescence, cells were probed with mouse monoclonal anti-HuR (1:1,000; 3A2, Santa Cruz Biotechnology), mouse monoclonal anti-FLAG (1:1,000; M2, Sigma), or goat polyclonal anti-GFP (1:500; ab5450, Abcam) antibody followed by staining with Texas Red or fluorescein-conjugated secondary antibodies (Jackson ImmunoResearch). For immunostaining endogenous TIA1 or TIA1-GFP, cells were probed with polyclonal rabbit anti-TIA1 (1:500; AV40981, Sigma) or anti-GFP (1:500; ab5450, Abcam) antibody followed by staining with Cy3 or fluorescein-conjugated secondary antibody (Jackson ImmunoResearch). Images were obtained using an Olympus IX81 microscope with a 0.3 numerical aperture (NA) 100 ϫ Zeiss Plan-Neofluar objective or an Axiovert 200 M microscope (Zeiss) with a 1.4 NA 63 ϫ Plan-Apochromat objective unless otherwise stated. Images were captured using a Hamamatsu digital camera with SlideBook software (version 1.63) or Volocity acquisition software (PerkinElmer Life Sciences) and globally processed for brightness and contrast using Adobe Photoshop.
3Ј-Rapid Amplification of cDNA Ends (RACE)-To determine the precise length of the PDCD4 3ЈUTR in human cell lines, we isolated RNA from HeLa (ATCC CCL-2), MDA-MB-231 (ATCC HTB-26), and MCF-7 (ATCC HTB-22) cells using TRIzol reagent (Invitrogen) in accordance with the manufacturer's instructions. Reverse transcriptase reactions were carried out as follows: 1 g of RNA was combined with 1 l of dNTPs (10 mM), 1 l of the 3ЈRACE adaptor (See Table 1 ; 10 mM) and DEPC-treated water for a total volume of 13 l. Samples were incubated at 65°C for 5 min and then transferred to ice. To the RNA mixture-3ЈRACE adaptor mixture, 4 l of 5ϫ First-Strand buffer (Invitrogen), 1 l of 0.1 M DTT, and 1 l of RNaseOUT (40 units/l; Invitrogen) were added. Samples were incubated at 42°C for 2 min before adding 1 l of SuperScript III RT (200 units/l; Invitrogen), briefly vortexing, and returning to 42°C for 50 min. Following first strand synthesis, samples were heated to 70°C for 15 min to denature the RT enzyme. For each PCR, 40 ng of cDNA was used along with the outer 3ЈRACE primer and a gene-specific inner primer (see Table 1 ) with the AmpliTaq Gold 360 master mix (Invitrogen), according to manufacturer's instructions. PCR products were resolved on a 2% agarose gel and confirmed by TOPO cloning (Invitrogen) and sequencing.
Biotin Pulldown-To assess direct binding of HuR to the PDCD4 transcript, DNA sequences corresponding to the 3ЈUTRs of c-Myc and GAPDH as well as various regions of the PDCD4 3ЈUTR (full length, 5Ј290, ⌬290, 1-100, 101-200, and 201-290) were amplified by PCR and inserted into pGEM T-easy vectors (Promega) and linearized by digestion with SpeI (New England Biolabs). Biotinylated RNA probes were generated by in vitro transcription using the T7 Maxiscript kit (Ambion) with biotin-11-cytidine-5Ј-triphosphate (biotin-11-CTP; Roche Applied Science). Biotinylated CTP and normal CTP were used at a ratio of 1:4 to ensure adequate transcription yield and sufficient labeling. Nonincorporated nucleotides were removed with a G-25 column (GE Healthcare) followed by ethanol precipitation. RNA concentration was determined by A 260 absorption, and the quality was examined by denatured RNA electrophoresis. MCF-7 cells were lysed in IP buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 0.5 mM DTT, 1% Nonidet P-40 supplemented with cOmplete protease inhibitor tablets (Roche Applied Science) and RNase OUT (Invitrogen)) and spun at 13,000 rpm for 20 min at 4°C, and ϳ200 g of purified cell lysate were rotated end-over-end with 400 ng of biotinylated RNA probe for 20 min at room temperature. To precipitate biotinylated RNA probes from MCF-7 cell lysates, NeutrAvidin beads (Thermo Scientific) pre-blocked with BSA (Roche Applied Science) were added and rotated end-over-end for 30 min at 4°C. After precipitation, the beads were washed five times in IP buffer and then subjected to elution by boiling in reducing sample buffer. Bound proteins were analyzed by immunoblotting to detect HuR.
Nucleocytoplasmic Fractionation-To isolate distinct pools of RNA and protein from nuclear and cytoplasmic fractions, cells were collected on ice, spun down, and resuspended in icecold fractionation buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 0.5% (v/v) Nonidet P-40) supplemented with 1 mini cOmplete protease inhibitor tablet (Roche Applied Science; 1 tablet/10 ml of buffer) for 10 min on ice. Cell lysates were spun down, and the supernatant or cytoplasmic fraction was separated from the nuclear pellet. RNA was isolated from each fraction with TRIzol reagent (Invitrogen), and protein samples were prepared with RIPA-2 buffer (as described above).
mRNA Stability-To measure mRNA stability in MCF-7 cells, 5 g/ml actinomycin D (Sigma) was added to the growth medium to inhibit transcription, and cells were harvested 30 min and 2, 4, 6, and 8 h later (fractionated cells were collected at 30 min and 3, 6, and 8 h after ActD addition). Nuclear and cytoplasmic RNA was isolated from cells (described above) and analyzed by qRT-PCR. Half-lives were determined by normalization to 18 S rRNA and to the 30-min time point.
Probe Synthesis-Probes were synthesized as described previously (53, 54) . Briefly, FLAG-hyNic (Solulink) was added to 4FB-modified (Solulink) NeutrAvidin (Thermo Scientific Pierce) according to the manufacturer's protocol. For each probe, 2Ј-O-methyl RNA-DNA oligonucleotide chimeras complementary to the target sequence were designed with a 5Ј-biotin and dT-C6-NH 2 internal modifications (Biosearch Technologies). Cy3B NHS ester fluorophores (GE Healthcare) or 
DyLight 650 NHS Ester fluorophores (Thermo Scientific Pierce) were conjugated to the oligonucleotide amino groups using the manufacturer's protocol. Free dye was removed using 30-kDa Amicon spin columns (EMD Millipore). The purified and labeled oligonucleotides were tetramerized by incubation for 1 h at room temperature with untagged or FLAG-tagged NeutrAvidin. Free ligands were removed using 30-kDa Amicon spin columns (EMD Millipore). Three probes each targeting different sequences in the 3ЈUTR of PDCD4 mRNA ( Table 2) were assembled separately prior to delivery and combined during delivery. To deliver total 60 nM probes targeting PDCD4 mRNA, 20 nM of each probe was combined.
Probe Delivery-For probe delivery, cells were washed in Dulbecco's phosphate-buffered saline without Ca 2ϩ and Mg 2ϩ (Lonza) and subsequently incubated with 0.15 units/ml activated streptolysin O (Sigma) in Opti-MEM (Invitrogen) containing 60 nM PDCD4 mRNA probes for 10 min at 37°C. Delivery media were replaced with growth media for 15 min to restore membrane integrity before actinomycin D treatment or fixation. For actinomycin D treatment, cells were incubated for 90 min at 37°C with 5 g/ml actinomycin D (Sigma) in growth media and fixed at the end of the exposure.
Proximity Ligation Assay-The PLA was performed as described previously (54) . Cells were fixed with 1% paraformaldehyde (Electron Microscopy Science) in PBS for 10 min, permeabilized with 0.2% Triton X-100 (Sigma) for 5 min, and blocked for 1 h with a blocking solution. The blocking solution consisted of 0.5% Tween 20 (Calbiochem), 0.1% Triton X-100, 0.1% gelatin (Aurion), 2% donkey serum (Sigma), and 1% bovine serum albumin (BSA) (EMD) in PBS. Cells were washed with PBS and incubated in two primary antibodies, one against the FLAG-tagged NeutrAvidin and one against the protein of interest. For anti-FLAG antibodies, either rabbit polyclonal (1:2,000; F7425, Sigma) or mouse monoclonal (1:2,000; M2, Sigma) anti-FLAG antibody was used. Mouse monoclonal anti-HuR (1:750; 3A2, Santa Cruz Biotechnology) was used to detect HuR, and rabbit polyclonal anti-TIA1 (1:1,500; AV40981, Sigma) was used to detect TIA1. After washing with Duolink wash solution (Olink Bioscience), the cells were incubated with species-corresponding oligonucleotide-labeled PLA probes (Olink Bioscience) diluted in 0.05% Tween 20 in PBS and washed with Duolink wash solution. The ligation and rolling circle amplification reaction (Olink Bioscience) were performed as instructed in the manufacturer's protocol. The cells were then immunostained and DAPI-stained (Invitrogen) and mounted on slides using Prolong (Invitrogen).
PLA Fluorescence Imaging-All the images were collected using an Axiovert 200 M microscope (Zeiss) with a ϫ63 NA 1.4 Plan-Apochromat objective and an ORCA-ER AG camera (Hamamatsu). The images were acquired using the Volocity acquisition software (PerkinElmer Life Sciences). Image stacks were recorded at 200-nm intervals to sample volumes for iterative deconvolution using Volocity's deconvolution algorithms. Probe and PLA signal quantification and Mander's coefficients were computed in Volocity and imported into Excel (Microsoft) and SigmaPlot (Systat) for further analysis and plotting. Images presented have been linearly contrast-enhanced for clarity. All calculations were performed directly on raw and deconvolved widefield data.
Image Quantification-The RNA volume and PLA frequency normalized to the RNA volume were measured using Volocity (PerkinElmer Life Sciences). Each cell was identified by the probe signal or immunofluorescence and analyzed individually. The Mander's coefficient calculation for probe colocalization was performed using Volocity. We analyzed three representative images. In SigmaPlot, an all pairwise multiple comparison procedure was performed with Tukey method to compare the Mander's coefficients for each probe. The RNA volume was determined based on standard deviation intensity of the probe. The PLA signal initially was identified as objects by their standard deviation intensity and then separated into individual punctae using the "separate touching objects" tool. The punctae were further filtered based on size and maximum intensity. For each experiment, we analyzed at least 10 images of each coverslip and three repeated experiments. In SigmaPlot, when comparing more than two groups, an all pairwise multiple comparison procedure was performed with Dunn's method to compare the RNA volume and PLA frequency. When comparing two groups, Mann-Whitney rank sum test was used.
Polysome Profiling-To analyze the translation of PDCD4 and GAPDH (control) mRNAs across various treatment groups, linear sucrose gradient fractionation of MCF-7 cell cytoplasmic extracts was performed as described previously (59, 60) . Briefly, cells were incubated for 15 min with 100 g/ml cycloheximide (VWR) to arrest translation prior to isolation. MCF-7 cells were lysed in polysome-preserving buffer (20 mM Tris-HCl, pH 7.5, 100 mM KCl, 5 mM MgCl 2 , 0.15% Triton X-100 (Sigma), 100 g/ml cycloheximide, 200 units of RNase inhibitor (Promega), and protease inhibitors (Roche Applied Science)) or polysome-disrupting buffer (identical to polysome-preserving buffer except it lacks MgCl 2 and contains 20 mM EDTA) and then centrifuged at 13,000 rpm for 30 min at 4°C to remove cellular debris. The clarified lysates (0.8 ml) were loaded onto 15-45% (w/v) linear sucrose gradients containing 100 mM KCl, 20 mM Tris-HCl, pH 7.5, and 5 mM MgCl 2 (polysome-disrupted lysates were loaded onto the same gradient lacking MgCl 2 and containing 1 mM EDTA) and subjected to centrifugation in a Beckman SW41 rotor at 33,000 rpm for 90 min at 4°C. Each gradient was fractionated into 11 1-ml fractions by bottom displacement using a gradient fractionator (Isco) with the ribosomal profile monitored at A 254 . Total RNA from each fraction was isolated using standard phenol/chloroform extraction. Resulting RNA pellets were resuspended in 15 l of RNase-free water and used for cDNA generation and subsequent qRT-PCR analysis using primers specific to PDCD4 and GAPDH transcripts. The % mRNA present in each fraction was calculated using the 2 ϪCt method.
RESULTS

PDCD4 mRNA Is Bound and Regulated by HuR in MCF-7
Breast Cancer Cells-Recent transcriptome-wide HuR PAR-CLIP analyses in HeLa and HEK293 cells reveal novel functions and potential targets of the RNA-binding protein, HuR (12, (31) (32) (33) , including a number of candidate targets with relevance to cancer. One such candidate transcript is PDCD4, which encodes a novel tumor suppressor that inhibits neoplastic transformation by interfering with the helicase activity of the translation initiation factor, eIF4A (41) . The PDCD4 transcript contains multiple predicted AREs (61) within the 3ЈUTR that overlap with CLIP-Seq tags from independent HuR CLIP studies, suggesting that it is a candidate target of HuR.
To assess whether HuR binds to PDCD4 mRNA in MCF-7 breast cancer cells, we performed RNA immunoprecipitation (RNA-IP) with endogenous HuR protein. As expected ( Fig. 1A) ,
HuR protein was detected in the bound fraction when purified with HuR antibody but not with IgG control antibody. The input and bound fractions were then analyzed for the presence of bound PDCD4 transcript using qRT-PCR. As shown in Fig.  1B , the PDCD4 transcript was robustly enriched with HuR pulldown. For controls, we also examined a known HuR target, ER␣ (38) , as well as GAPDH, which is not bound by HuR (34) . As expected, the GAPDH transcript showed no enrichment with HuR; however, the previously defined HuR target, ER␣ (38), showed enrichment. These results provide evidence that PDCD4 mRNA is bound by HuR in MCF-7 cells.
The canonical role for HuR in the post-transcriptional regulation of target mRNA transcripts is as a positive regulator of mRNA stability (17) ; however, recent studies also reveal a role for HuR in modulating mRNA translation (18, 19, 21) as well as negatively regulating the expression of target transcripts via cooperative interactions with the miRNA machinery (20) . To determine whether transient modulation of HuR levels has an impact on PDCD4 steady-state mRNA or protein levels, we performed siRNA-mediated knockdown of HuR in MCF-7 cells. As shown in Fig. 1C , immunoblotting revealed a robust knockdown of HuR with HuR siRNA but not with scramble control siRNA. Probing these same samples with PDCD4 antibody reveals a decrease in PDCD4 protein upon HuR knockdown but no change in a control protein, heat shock protein 90 (HSP90). Quantification of PDCD4 steady-state protein levels upon HuR knockdown confirmed a significant decrease in PDCD4 protein levels (Fig. 1C , quantification below representative blot).
To assess whether a change in mRNA transcript levels could underlie the observed decrease in PDCD4 protein levels, we examined RNA isolated from cells transfected with HuR siRNA. qRT-PCR analyses of these samples revealed a significant decrease in PDCD4 steady-state mRNA levels upon HuR knockdown ( Fig. 1D ). Together, these results demonstrate that HuR binds to the PDCD4 transcript in breast cancer cells and plays a role in regulating steady-state PDCD4 mRNA and protein levels.
HuR RRMs 1 and 2 Are Required for PDCD4 Binding-The HuR protein contains three RRMs ( Fig. 2A) . The two N-terminal RRMs are critical for ARE recognition, and the third RRM is thought to recognize polyadenosine sequences (13, 14) . The crystal structure of RRMs 1 and 2 (residues 18 -186) of HuR in complex with an AUUUUUUAUUUU RNA oligomer (Protein Data Bank code 4ED5) (11) is shown in Fig. 2A . Although RRM1 is the primary ARE recognition domain within HuR, the conformational change that takes place upon RNA binding leads to additional interactions between RRM2 and the target mRNA, ultimately increasing RNA binding affinity (11) . This structure, along with other studies investigating the structural basis of HuR/RNA interactions (62) , reveals a number of key residues that are predicted to be important for high affinity RNA binding by HuR (11, 62) .
To define specific residues within RRM1 and -2 that are critical for HuR binding to target RNA, we focused on three of the residues (asparagine 21 (Asn-21), tyrosine 109 (Tyr-109), and arginine 147 (Arg-147)) shown in vitro to be critical for RNA binding (62) . We changed each of these residues to alanine in an N-terminal FLAG-tagged HuR expression vector to create a FLAG-HuR-binding mutant, which we termed FLAG-HuR(BM).
To ensure that FLAG-HuR(BM) is expressed at comparable levels to the wild type FLAG-HuR, we transfected MCF-7 cells with the FLAG-HuR and -HuR(BM) constructs and analyzed expression by immunoblotting for HuR ( Fig. 2B ). HuR antibody detects both endogenous HuR (Fig. 2B, lower band) and FLAGtagged HuR protein (upper band). The steady-state level of FLAG-HuR protein is comparable for HuR and HuR(BM), demonstrating that the amino acid changes within the RRM do not significantly impact the steady-state level of HuR protein.
Importantly, the localization of HuR(BM) is also indistinguish-able from HuR(WT) as assessed by indirect immunofluorescence ( Fig. 2C) .
To test whether the residues altered in HuR(BM) are critical for HuR binding to ARE-containing target mRNA, we expressed FLAG-HuR and -HuR(BM) in MCF-7 cells and subjected these cell lysates to RNA-IP analysis. To ensure specific purification of FLAG-tagged HuR, we performed the RNA-IP with FLAG antibody-conjugated protein A beads. As shown in . Key residues in HuR RRMs 1 and 2 are required for binding to ARE-containing target mRNAs, including PDCD4. A, HuR protein contains three RRMs (RRM1, RRM2, and RRM3) and an HuR nucleocytoplasmic shuttling sequence (HNS), which mediates bidirectional transport of HuR between the nucleus and cytoplasm (16) . The two N-terminal RRMs (green) are responsible for ARE recognition, and the C-terminal RRM (blue) is thought to bind to the poly(A) tail of mRNA transcripts. Shown below the linearized map of HuR is a recently solved co-crystal structure (Protein Data Bank code 4ED5) of HuR RRMs 1 and 2 (green) in complex with an AUUUUUUAUUUU RNA oligomer (yellow). Residues shown to be important for RNA recognition in in vitro binding studies are highlighted in red (N21, Y109, and R147). A putative HuR RNA-binding mutant (BM) was generated by changing these residues to alanine in a FLAG-tagged HuR expression construct. B, MCF-7 cells were transfected with vector control, FLAG-HuR(WT), or -HuR(BM) plasmids and subjected to immunoblotting with HuR and tubulin antibodies. FLAG-HuR proteins were detected only in FLAG-transfected cells and levels of BM are comparable with WT. C, transfected MCF-7 cells were analyzed by indirect immunofluorescence with FLAG antibody to detect FLAG-HuR(WT) or (BM). Colocalization with DAPI reveals steady-state nuclear localization of both FLAG-HuR proteins (WT and BM). Scale bar, 10 m. D, cells expressing vector control or FLAG-HuR proteins were subjected to RNA-IP using FLAG antibody-conjugated beads. Immunoblot analysis of IP samples demonstrates specific enrichment of FLAG-HuR proteins in bound fractions. E, RNA that coprecipitated with FLAG-HuR proteins was subjected to qRT-PCR analyses with RPLP0, ER␣, and PDCD4 primers to detect bound transcripts. ER␣ and PDCD4 transcripts were significantly enriched upon wild type HuR purification; however, a significant decrease in enrichment was observed upon purification of the HuR-binding mutant. mRNA levels in FLAG-HuR-bound fractions were normalized to input levels and then compared by fold-enrichment over vector control samples. Values represent the mean Ϯ S.E. for n ϭ 3. *, **, *** and **** represents p Յ 0.05, p Յ 0.01, p Յ 0.001, and p Յ 0.0001, respectively. formed (Fig. 2D ). As expected, the well studied HuR target, ER␣ (38) , was robustly enriched upon purification of FLAG-HuR. Significantly reduced enrichment of the ER␣ transcript was detected with FLAG-HuR(BM) as compared with WT FLAG-HuR, providing the first evidence that these key residues within HuR RRM1 and RRM2 are important for interaction with HuR target RNA in cells and demonstrating the utility of this mutant for validating ARE-containing HuR target RNAs. As expected, the negative control transcript, RPLP0, did not enrich with either FLAG-HuR or -HuR(BM).
We next exploited the HuR(BM) to assess whether PDCD4 binding depends on HuR RRMs 1 and 2, as established for the ARE-containing ER␣ transcript. We analyzed PDCD4 mRNA enrichment with both FLAG-HuR and -HuR(BM). Consistent with the results from the endogenous HuR RNA-IP, we observed robust enrichment of the PDCD4 transcript upon purification of wild type HuR. In contrast, no significant enrichment of PDCD4 was detected in the HuR-binding mutant sample. The loss of enrichment of the ER␣ and PDCD4 transcripts with FLAG-HuR(BM) demonstrates that PDCD4 binding to HuR is similar to that of the classical ARE-containing target, ER␣.
HuR Binds to Two Distinct Regions within the PDCD4 3ЈUTR-Previous CLIP-Seq studies examining HuR binding across the transcriptome reveal that HuR binds primarily within the 3ЈUTRs and introns of mRNAs (12, (31) (32) (33) . Additional preliminary data from these CLIP-Seq studies show that the 3ЈUTR of the PDCD4 transcript contains multiple AU-and U-rich stretches that could be bound by HuR (12, (31) (32) (33) . The UCSC Genome Browser defines the PDCD4 3ЈUTR as being 1,918 nt long; however, data from poly(A)-Seq analyses in various human tissues suggest that an evolutionarily conserved upstream polyadenylation site may be used for 3Ј end processing of the PDCD4 transcript, resulting in a 3ЈUTR of ϳ672 nt.
To determine the precise length of the PDCD4 3ЈUTR in MCF-7 cells, we performed 3ЈRACE analysis using primers specific to the PDCD4 3ЈUTR. The GAPDH 3ЈUTR was used as a control. To define the size of the PDCD4 3ЈUTR in two other human cancer cell lines, we also performed 3ЈRACE analyses using cDNA from HeLa (cervical adenocarcinoma; ATCC CCL-2) and MDA-MB-231 (mammary adenocarcinoma; ATCC HTB-26) cells. As shown in Fig. 3A and verified by sequence analysis, the 3ЈUTR of PDCD4 is 672 nucleotides in all cell types analyzed. These results focus our analysis of post-transcriptional regulation of PDCD4 on the 672-nt 3ЈUTR present in MCF-7 cells.
To determine whether HuR binds to the 3ЈUTR of PDCD4, we generated a biotinylated RNA probe that corresponds to the 672-nt region of the PDCD4 3ЈUTR. For controls, we employed the c-Myc 3ЈUTR, which is a well defined target of HuR (10), and the GAPDH 3ЈUTR, which is not a HuR target (Fig. 3B) . The biotinylated probes were incubated with MCF-7 cell lysates, precipitated with NeutrAvidin-coated beads, and then subjected to immunoblot analysis with HuR antibody to detect HuR bound to the probes. As shown in Fig. 3C , HuR protein was readily detected in the input fractions, verifying the presence of HuR protein in these cell lysates. We detected robust HuR binding to the full-length PDCD4 3ЈUTR probe, suggesting that HuR binds the 3ЈUTR of PDCD4. As expected, we detected HuR protein bound to the c-Myc 3ЈUTR probe but not samples without a probe or with the negative control GAPDH 3ЈUTR . HuR binds to sites within the PDCD4 3UTR. A, total RNA isolated from HeLa, MB-231, and MCF-7 cells was subjected to 3ЈRACE analysis using PDCD4 and GAPDH 3ЈUTR-specific primers as described under "Experimental Procedures." PCR products were resolved on a 2% agarose gel and represent the 3ЈUTR plus the length of the primers used for amplification. The PDCD4 3ЈUTR is 672 nt and was verified by sequencing. The GAPDH 3ЈUTR is shown as a control. Molecular weight markers in base pairs (MW bp) are shown to the left of the gel. B, biotinylated probes corresponding to the 3ЈUTRs of the c-Myc, GAPDH, and PDCD4 transcripts were generated and used for biotin pulldown experiments in MCF-7 cells. The red asterisk denotes the well defined miR-21 seed region (46) in the PDCD4 3ЈUTR. The PDCD4 3ЈUTR was also dissected to generate various biotin probes that represent different regions of the transcript. C, proteins that coprecipitated with the avidin-bound biotinylated probes, as shown in B, were subjected to immunoblotting with HuR antibody. HuR protein coprecipitates with a probe corresponding to the c-Myc 3ЈUTR as well as the first two 100-nt regions of the PDCD4 3ЈUTR. Images are representative of n ϭ 3 independent experiments.
HuR and TIA1 Regulate PDCD4 mRNA FEBRUARY 6, 2015 • VOLUME 290 • NUMBER 6 probe. We also tested biotinylated probes that correspond to the 5ЈUTR and coding region of the PDCD4 transcript in this assay. Consistent with preliminary data that suggests binding of HuR to the PDCD4 3ЈUTR specifically, we did not detect coprecipitation of HuR upon pulldown with the PDCD4 5ЈUTR and coding region probes (data not shown). These results confirm that HuR binds to the 3ЈUTR of PDCD4 mRNA.
To define specific regions of the PDCD4 3ЈUTR that confer HuR binding, we generated a set of biotinylated probes that correspond to the first 290 and final 382 nucleotides of the PDCD4 3ЈUTR (5Ј290 and ⌬290 probes, respectively; Fig. 3B ). As shown in Fig. 3C , we detected robust HuR binding to the 5Ј290 probe. We did not, however, detect binding of HuR to the ⌬290 probe, suggesting that HuR binds specifically to the 5Ј290 nucleotides of the PDCD4 3ЈUTR. Interestingly, the 5Ј290 nucleotides of the PDCD4 3ЈUTR contain multiple AU-and U-rich stretches that could be bound by HuR (61) . To determine whether HuR binds to one or more of these stretches, we generated additional biotinylated probes that correspond to 100 or 90 nucleotide regions of the PDCD4 5Ј290 3ЈUTR region ( Fig. 3B; probes A, B, and C) . We detected robust binding of HuR to the first two 100-nucleotide regions of the PDCD4 3ЈUTR but not to the third 90 nucleotides (Fig. 3C) . These results show two distinct HuR-binding sites within the first 200 nucleotides of the PDCD4 3ЈUTR.
RNA Imaging Probes Can Be Used to Visualize PDCD4 mRNA in Live Cells-Recent studies demonstrate the ability to accurately visualize RNA granules and RNA/protein interactions at a single molecule level in live cells (53, 54, 63) . To detect HuR/PDCD4 interactions in MCF-7 cells, we designed four imaging probes that target four different sequences in the PDCD4 3ЈUTR, avoiding the defined HuR-binding sites (Fig.  4A ). To determine probe specificity, we delivered each probe, labeled with Cy3b fluorophores, along with the other three probes labeled with DyLight 650 fluorophores. For example, to examine the specificity of probe 1, probe 1 was labeled with Cy3b and probes 2, 3, and 4 were labeled with DyLight 650 (Fig.  4B) . Therefore, colocalization of probe 1 with the other three probes would suggest specificity of probe 1 in targeting the PDCD4 3ЈUTR.
For each probe, three images were obtained for analysis, and colocalization was quantified by Mander's coefficient. The mean Mander's coefficients for probes 1-3 were greater than 0.8 and were not statistically different from one another (p Ͼ 0.9), suggesting good colocalization. Probes 1-3 overlapped well with the other probes, as shown in the intensity profile of the representative mRNA punctae (Fig. 4B) . However, the mean Mander's coefficient for probe 4 was 0.6 and was significantly less than the other three probes (p Ͻ 0.009). Generally, probe 4 did not overlap well with the other probes as shown in the intensity profile (Fig. 4B) . Where the probe signal was bright, the signal of the other probes was dim or vice versa. Thus, probe 4 was deemed nonspecific and was not used for further analysis, and probes 1-3 were employed in all experiments. These results suggest that probes 1-3 specifically recognize the PDCD4 3ЈUTR and allow us to visualize PDCD4 RNA granules in MCF-7 cells.
Proximity Ligation Assay Can Detect HuR/PDCD4 mRNA Interactions-To visualize HuR protein/PDCD4 mRNA interactions in MCF-7 cells, we performed PLA between HuR and the FLAG peptides on the PDCD4 RNA probes. As schematized in Fig. 4C , primary antibodies of different species bind to HuR and the FLAG tag (mouse and rabbit, respectively), which can then be detected by species-specific PLA probes with oligonucleotides. The oligonucleotides attached to the PLA probe form a circularized DNA strand by enzymatic ligation, one of which can serve as a primer for rolling circle amplification. This amplification ultimately results in a coiled single-stranded DNA, or the PLA product, which is complementary to the circular DNA strand. The PLA product is then detected by hybridizing complementary fluorophore-labeled oligonucleotides (Fig. 4C) (54, 55) .
Because of the cell permeabilization and probe delivery conditions, this PLA specifically detects cytoplasmic protein/RNA interactions. Previous work demonstrates that the steady-state localization of HuR in MCF-7 cells is primarily nuclear with a small amount located in the cytoplasm due to nucleocytoplasmic shuttling of HuR (35) . To increase the cytoplasmic pool of HuR for analysis in the PLAs, cells were treated with the transcriptional inhibitor, actinomycin D, which increases the cytoplasmic localization of HuR (64) . To confirm the steady-state nuclear localization of HuR in these cells as well as the cytoplasmic enrichment of HuR upon ActD treatment, we performed nucleocytoplasmic fractionation of MCF-7 cells subjected to a 90-min treatment with vehicle control (PBS) or ActD. As shown in Fig. 4D , fractionation of vehicle-treated cells confirms that the majority of the HuR protein is localized to the nucleus (compare lanes 1 and 3) . Treatment with ActD results in an increase in the amount of HuR detected in the cytoplasm (Fig.  4D, compare lanes 2 and 4) . Thus treatment of MCF-7 cells with ActD increases the cytoplasmic pool of HuR.
As shown in Fig. 4E , we observe endogenous HuR/PDCD4 interactions by PLA in untransfected and untreated cells (top row; quantified in Fig. 4G ), which supports the HuR/PDCD4 binding data obtained from both RNA-IP (Figs. 1 and 2) and biotin pulldown analyses ( Fig. 3 ). As expected, we observed no PLA signal in cells incubated with negative control probes lacking FLAG tags (NA; Fig. 4E ). To validate the interaction of HuR with the PDCD4 transcript, we also modulated both HuR levels and localization and assessed the impact on the PLA signal. These experiments were carried out either in cells expressing endogenous HuR or where total levels of HuR were increased by expression of HuR-GFP. To assess changes in the frequency of HuR/PDCD4 mRNA interactions, we counted the number of HuR/PDCD4 PLA punctae and normalized to the amount of mRNA in each cell, which was quantified by measuring the volume of probe signal for each cell. The probe volume was the same in both untransfected and HuR-GFP-transfected cells with (p ϭ 0.16) and without (p ϭ 0.26) ActD (Fig. 4F ). This analysis confirms that the probe delivery and binding as well as the amount of RNA granules are not significantly affected by transfection. As expected for treatment with a transcriptional inhibitor, incubation of cells with ActD reduced the total volume of PDCD4 mRNA by ϳ40% (p Ͻ 0.001; quantified in Fig. 4F) . C, schematic of the PLA, which measures the interaction between HuR and probes specific to the PDCD4 3ЈUTR, is shown. As described under "Experimental Procedures," PLA was performed between HuR and FLAG-tagged (dark green lines) probes with four Cy3b-labeled (red) oligonucleotides (red dashed lines) and a NeutrAvidin core (yellow) in nucleotides 296 -549 of the PDCD4 3ЈUTR. Anti-HuR mouse primary antibody (light blue) and anti-mouse PLA probe (dark blue) bind to HuR, whereas anti-FLAG rabbit primary antibody (light magenta) and anti-rabbit PLA probe (dark magenta) bind to FLAG. Once they are in proximity, the oligonucleotides (black dashed lines) attached to the PLA probe come together via ligation to form a template for DNA polymerase, which resulted in a coiled DNA product that can be labeled with Cy5-equivalent fluorophore (light green)-bound complementary DNA strands (black dash lines). D, MCF-7 cells treated with vehicle control or ActD for 90 min were subjected to subcellular fractionation (as described under "Experimental Procedures") and subsequent immunoblotting with HuR and tubulin antibody. A distinct enrichment of HuR is observed in the cytoplasm upon ActD treatment. Nucl, nuclear; Cyto, cytoplasmic. E, HuR, PDCD4 mRNA and PLA between HuR and PDCD4 mRNA were imaged in untransfected and HuR-GFP-transfected MCF-7 cells exposed to (ϩActD) or unexposed to (ϪActD) actinomycin D. MCF-7 cells transfected with HuR-GFP and exposed to ActD received PDCD4 mRNA probes with NeutrAvidin lacking the FLAG tag (NA) and were used as a negative control. PLA punctae that are less than 2 m in diameter have been marked with yellow circles. Merge images of HuR (blue), PDCD4 mRNA (red), and PLA between HuR and PDCD4 mRNA (green) are shown. All image planes are represented. Scale bar, 10 m. F, probe volume (m 3 ) measured for each untransfected and HuR-GFP-transfected cell exposed or unexposed to ActD (untransfected, n ϭ 46 cells; untransfected ϩ ActD, n ϭ 125; HuR-GFP-transfected, n ϭ 51; HuR-GFP transfected ϩ ActD, n ϭ 62). G, PLA frequency normalized to the probe volume (m Ϫ3 ) for each cell. * represents p Ն 0.025, p Ͻ 0.05; ** represents p Ն 0.001, p Ͻ 0.025; *** represents p Ͻ 0.001 (one-way ANOVA with Dunn's method).
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Treatment with ActD resulted in significantly more HuR/ PDCD4 PLA punctae than untreated cells due to increased cytoplasmic HuR in both untransfected (p Ͻ 0.02) and HuR-GFPtransfected cells (p Ͻ 0.001; quantified in Fig. 4G) . As experiments employed a low amount of HuR-GFP plasmid (0.8 g) for transfection, HuR-GFP-transfected cells not treated with ActD showed only a slight increase in PLA frequency compared with the untransfected samples (p ϭ 0.046). As demonstrated above, addition of ActD caused HuR to localize to the cytoplasm and resulted in a greater increase in HuR/PDCD4 interactions in the HuR-GFPtransfected cells than in untransfected cells (p Ͻ 0.001). These results demonstrate individual HuR/PDCD4 interactions in MCF-7 cells and further validate the interaction between HuR and the PDCD4 transcript.
Cytoplasmic PDCD4 mRNA Is Regulated Differently than Nuclear PDCD4 mRNA-As mentioned above, canonically, HuR binding to target mRNAs results in increased transcript stability (17) . In fact, many HuR target mRNAs are inherently labile and responsive to cellular stimuli (65, 66) . As shown in Fig. 1, C and D, knockdown of HuR in MCF-7 cells results in decreased steady-state PDCD4 mRNA and protein levels, suggesting that HuR could negatively regulate the stability of the PDCD4 transcript. To determine the half-life of the PDCD4 transcript in MCF-7 cells, we treated cells with the potent transcriptional inhibitor, ActD (67), and collected cells at 30 min and 2, 4, 6, and 8 h after drug addition. We performed qRT-PCR analysis with PDCD4 primers to determine the percent mRNA remaining over time following ActD treatment (Fig. 5A) . For controls, we also analyzed the c-Myc transcript, which has a short half-life (66) as well as the very stable RPLP0 transcript (68) . As shown in Fig. 5A , the PDCD4 transcript showed significant decay over the course of the experiment, with a calculated half-life of ϳ6.1 h, which is less than the average mRNA half-life of ϳ9 h (69) . These results suggest that the PDCD4 transcript is labile. As expected, the c-Myc transcript levels decreased dramatically after ActD treatment with a calculated half-life of ϳ1.6 h, which is comparable with the previously determined c-Myc mRNA half-life values (66) . The RPLP0 transcript decayed a very small amount over the time course examined as expected for a highly stable transcript.
A.
E.
F.
B.
D.
C. Immunoblot analysis of protein samples isolated across the ActD time course reveals a sharp decrease in PDCD4 steadystate protein levels upon ActD treatment (Fig. 5B, lanes 6 -10) but not vehicle control-treated cells (lanes 1-5) . The observed decrease in PDCD4 protein levels is consistent with previous work that demonstrates activation (by phosphorylation of serine 70) of S6K1, the kinase responsible for phosphorylation and subsequent degradation of PDCD4 (50), upon treatment with actinomycin D (70) . As expected, the steady-state levels of tubulin and HuR are unchanged across the time course of ActD treatment.
The observation that HuR interacts with PDCD4 mRNA in the cytoplasm (Fig. 4E) as well as the fact that cytoplasmic HuR protein levels increase upon ActD treatment (Fig. 4D ) led us to question whether there may be differential regulation of the nuclear and cytoplasmic pools of PDCD4 mRNA. To isolate nuclear and cytoplasmic fractions from MCF-7 cells treated with ActD (or vehicle control), we performed cellular fractionation as described under "Experimental Procedures" and collected nuclear and cytoplasmic fractions at 30 min and 3, 6, and 8 h after drug treatment. Immunoblot analysis of fractionated cells reveals robust and clean fractionation of nuclear and cytoplasmic compartments as evidenced by distinct partitioning of steady-state nuclear (HuR) and cytoplasmic proteins (HSP90). As shown in Fig. 5C , we observe cytoplasmic localization of PDCD4, consistent with its role in translational regulation (41, 42) . As expected, HSP90 levels remain unchanged in control and ActD-treated cells. Consistent with the results obtained from total cellular protein levels upon ActD treatment (Fig. 5B) , we observe a decrease in PDCD4 protein levels upon ActD treatment in the cytoplasmic fractions.
As shown previously (Fig. 4D ), the steady-state level of HuR protein increases in the cytoplasm upon ActD treatment with no change in the vehicle control-treated cells (Fig. 5C ). Immunoblot analysis of another RNA-binding protein that shuttles between the nucleus and cytoplasm and shifts in localization upon ActD treatment (29) , TIA1, reveals a sharp decrease in steady-state nuclear protein levels with a concomitant increase in cytoplasmic levels. Interestingly, in these cells, the shift to cytoplasmic localization for TIA1 may occur faster than HuR as evidenced by increased cytoplasmic levels of TIA1 at 30 min of ActD exposure (as compared with vehicle control-treated cells at 30 min).
To identify any differences in mRNA decay profiles between nuclear and cytoplasmic pools of mRNA, we performed qRT-PCR analysis of RNA isolated from each compartment with primers to detect ␤-actin, c-Myc and PDCD4 transcripts (Fig. 5,  D-F) . The highly stable ␤-actin transcript (71) and the extremely labile c-Myc transcript (66), both previously defined targets of HuR (10, 14, 20, 72) , display similar decay profiles between the nuclear and cytoplasmic compartments (Fig. 5, D  and E, respectively) . The PDCD4 transcript, however, displays a striking difference in mRNA decay between the nucleus and cytoplasm. As shown in Fig. 5F , the cytoplasmic pool of PDCD4 mRNA is significantly more stable than the nuclear pool, coincident with changes in the localization of RNA-binding proteins (Fig. 5C ) that may regulate this critically important tran-script. These results suggest that PDCD4 mRNA may be regulated in a unique manner than other HuR target mRNAs.
The U-rich Element RNA-binding Protein, TIA1, Binds to PDCD4 mRNA in MCF-7 Cells-The observation that the cytoplasmic pool of PDCD4 mRNA is significantly more stable than nuclear PDCD4 mRNA (Fig. 5F ) coupled with the shift in localization that occurs for many RNA-binding proteins, including two U-rich element binding proteins, HuR and TIA1 (Fig. 5C ), led us to hypothesize that other factors may bind to and modulate the PDCD4 transcript via the 3ЈUTR. One well studied mode of regulation of the PDCD4 transcript occurs via an interaction between miR-21 and the PDCD4 3ЈUTR, which negatively regulates cellular PDCD4 levels (46, 47) . Recent advances in sequencing technology have allowed for extensive characterization of candidate mRNA targets of many RNA-binding proteins. As shown in Fig. 6A , alignment of iCLIP-Seq tags from a recent transcriptome-wide TIA1 iCLIP study in HeLa cells (27) reveals two predicted TIA1-binding sites that overlap with the 3ЈUTR regions bound by HuR (Fig. 3C) . These observations suggest that HuR and TIA1 could bind to similar or overlapping regions in the PDCD4 3ЈUTR. Interestingly, previous work has defined a cooperative relationship between HuR and TIA1 in regulating the translation of specific target RNAs (21) , and therefore it provides precedence for interactions and/or competition between these two RNA-binding proteins on target mRNAs.
To assess whether TIA1 binds to PDCD4 mRNA in MCF-7 cells, we performed RNA-IP with endogenous TIA1 protein. As shown in Fig. 6B , TIA1 protein was detected in the bound fraction when purified with TIA1 antibody but not with IgG control antibody. The input and bound fractions were then analyzed for PDCD4 transcript using qRT-PCR. As shown in Fig. 6C , the PDCD4 transcript was robustly enriched with TIA1. For controls, we also examined two known TIA1 targets, cytochrome c (CYCS) (21) and prothymosin ␣ (PTMA) (18) , as well as GAPDH, which is not bound by TIA1. As expected, the GAPDH transcript showed no enrichment with TIA1; however, the previously defined TIA1 targets, CYCS and PTMA, demonstrated significant enrichment. These results confirm that PDCD4 mRNA is bound by TIA1 in MCF-7 cells.
To further validate the interaction between TIA1 and PDCD4 mRNA, we performed PLA between TIA1 and the FLAG-tagged probes designed for the PDCD4 3ЈUTR (see Fig.  4A ) with and without TIA1-GFP transfection (Fig. 6D ). As shown in Fig. 6E , we observed no significant difference in the amount of mRNA probes under any of the experimental conditions employed (p ϭ 0.855), suggesting that probe delivery and binding were not affected by TIA1-GFP transfection. TIA1/ PDCD4 mRNA interactions were observed by PLA with endogenous TIA1, and as expected, a significant increase in TIA1/ PDCD4 interactions was observed by PLA upon increasing TIA1 levels via transfection of TIA1-GFP (p Ͻ 0.001), which demonstrates specific interaction between TIA1 and PDCD4 mRNA in these cells (Fig. 6F) .
Given that the probes bind in this region and that we are able to detect TIA1 interactions readily via PLA, it is likely that TIA1 binds within the first ϳ200 nt of the 3ЈUTR, in a similar region to where we map HuR binding (Fig. 3C) . These results suggest that TIA1 represents another factor that binds to the PDCD4 transcript and could play a role in regulating PDCD4 steadystate levels.
Knockdown of HuR and/or TIA1 Decreases Steady-state PDCD4 mRNA and Protein Levels-Both binding and PLA studies reveal interactions between HuR and TIA1 with the PDCD4 transcript. As shown in Fig. 1, C and D, we observe a significant decrease in steady-state PDCD4 mRNA and protein levels upon knockdown of HuR in MCF-7 cells. To determine whether TIA1 also has an effect on PDCD4 steady-state levels, we transiently transfected MCF-7 cells with siRNA targeting TIA1. We also transfected a population of cells with HuR and TIA1 siRNA together to determine whether reduction of both factors had any additional effect on PDCD4 steady-state levels. As shown in Fig. 7A , we achieve robust knockdown of HuR and TIA1 (alone and in tandem) in these cells. Upon knockdown of HuR and/or TIA1, PDCD4 steady-state protein levels are reduced ϳ30 -40% (quantification below the representative * A. The red asterisk denotes the well defined miR-21 seed region. B, endogenous TIA1 protein was immunoprecipitated from MCF-7 cells using TIA1 antibody-coated protein A beads alongside isotype control goat IgG-coated beads. Proteins from the input, unbound (UB), and bound fractions were subjected to immunoblotting with TIA1 antibody. TIA1 was detected in the TIA1-bound fraction but not the control IgG-bound fraction. TIA1 is alternatively spliced to generate two distinct protein products that correspond to the two bands detected. C, qRT-PCR analysis of RNA isolated from the TIA1 RNA-IP using PDCD4, CYCS, and PTMA primers reveals clear enrichment of these transcripts upon TIA1 pulldown. A control mRNA, GAPDH, did not coprecipitate with TIA1. Values represent the mean Ϯ S.E. for n ϭ 3 independent experiments. * and ** represent p Յ 0.05 and p Յ 0.01, respectively. D, PLAs performed with TIA1 antibody and PDCD4 3ЈUTR probes 1-3 reveal interactions between TIA1 and the PDCD4 3ЈUTR. Merge images of nuclei (blue), TIA1 (white), PDCD4 mRNA (red) and PLA between TIA1 and PDCD4 mRNA (green) are shown. All image planes are represented. Scale bar, 10 m. E, probe volume (m 3 ) measured for each untransfected (n ϭ 11 cells) and TIA1-GFPtransfected (n ϭ 15) cell. F, PLA frequency normalized to the probe volume (m Ϫ3 ) for each cell. *** represents p Ͻ 0.001 (Mann-Whitney rank sum test).
C. B.
blot). As expected, a control protein, HSP90, displays no difference in steady-state levels across all treatment groups. qRT-PCR analysis of RNA isolated from HuR and TIA1 knockdown samples with primers to PDCD4 and RPLP0 revealed a significant reduction of PDCD4 steady-state mRNA levels (Fig. 7B) , consistent with the trend observed at the protein level (Fig. 7A) .
As discussed previously, miR-21 is a well studied regulator of PDCD4 levels in MCF-7 cells (47). Recent work has described a role for HuR in modulating miRNA loading onto target transcripts (20, 73) as well a potential role for HuR in miRNA biogenesis (32, 33, 74) . To determine whether HuR and/or TIA1 knockdown impacts steady-state miR-21 levels in these cells, we performed qRT-PCR analysis with primers to detect miR-21 as well as a control small ncRNA, RNU48 (75). As shown in Fig.   7C , knockdown of HuR and/or TIA1 did not alter steady-state miR-21 levels; however, this finding does not exclude the possibility that HuR and/or TIA1 could modulate the loading of miR-21 onto the PDCD4 transcript.
The best characterized role of TIA1 in post-transcriptional processing is that of a negative regulator of translation (40) . Although we observe a decrease in both the steady-state mRNA and protein level of PDCD4 upon TIA1 knockdown, we questioned whether TIA1 or HuR could also modulate translation of the PDCD4 transcript. To assess the translational profile of PDCD4 mRNA upon knockdown of TIA1 and/or HuR, we performed polysome profiling on MCF-7 cytoplasmic lysates via sucrose gradient fractionation. Cytoplasmic lysates were either untreated or treated with EDTA to ensure the identity of the . Knockdown of HuR and TIA1 leads to decreased PDCD4 steady-state mRNA and protein levels. A, MCF-7 cells transiently transfected with Scramble, HuR, and/or TIA1 siRNA (siScr, siHuR, siTIA1, and siBoth) were subjected to immunoblot analysis with HSP90, HuR, TIA1, or PDCD4 antibody. Steady-state PDCD4 protein levels were normalized to HSP90 loading control and siScramble set to 1.00. Decreased PDCD4 steady-state protein levels upon HuR and/or TIA1 knockdown is quantified below the representative blot. B, qRT-PCR analysis of total RNA isolated from siRNA-treated cells with PDCD4 and RPLP0 primers demonstrates a significant decrease in PDCD4 steady-state mRNA levels upon HuR and/or TIA1 knockdown. C, qRT-PCR analysis of steady-state miR-21 and RNU48 (loading control) levels upon knockdown of HuR and/or TIA1 reveals no significant difference in miR-21 levels across all treatment groups. D, polysome profiling was performed on MCF-7 cells as described previously (60) . Cytoplasmic lysates from MCF-7 cells were treated with EDTA (to disrupt polyribosomes) or left untreated (no treatment, N.T.) and subjected to polysome fractionation. Untreated MCF-7 cells demonstrate active translation of PDCD4 mRNA (as represented by a sharp peak in fraction 8), whereas EDTA-treated cell lysates display a collapse of the polyribosomes on the PDCD4 transcript, as expected. Polysome profiling was performed on MCF-7 cell lysates transfected with scramble control, HuR, and/or TIA1 siRNA. Analysis of the GAPDH (E) and PDCD4 (F) transcripts reveals that PDCD4 mRNA is actively translated in MCF-7 cells, similar to GAPDH, and that knockdown of HuR and/or TIA1 has no effect on the translation of the PDCD4 transcript under these conditions. Polysome profiles are representative of two technical qRT-PCR replicates of a single fractionation experiment. Values represent the mean Ϯ S.E. for n ϭ 3 independent experiments. * and ** represents p Յ 0.05 and p Յ 0.01, respectively.
polysomes. Analysis was also performed for cells treated with scramble control siRNA or siRNA targeting HuR, TIA1, or both. Total RNA isolated from each fraction was used for cDNA generation and subsequent qRT-PCR analysis with PDCD4 and GAPDH primers. The percent distribution of PDCD4 mRNA in each fraction was determined and plotted as shown in Fig. 7D . Untreated MCF-7 cells display a PDCD4 polysome profile characteristic of an actively translated mRNA, such as GAPDH (76), as indicated by a sharp peak in fraction 8, which corresponds with the polysomes (assessed by A 254 absorbance, data not shown). As expected, treatment of cytoplasmic lysates with EDTA disrupted polysomes and resulted in a striking leftward shift on the profile (Fig. 7D) .
As expected, polysome profiling of the actively translated mRNA, GAPDH, upon HuR and/or TIA knockdown reveals no difference in the translational profile of this message (Fig. 7E ). As shown in Fig. 7F , analysis of PDCD4 translation across the same treatment groups also reveals no significant difference in PDCD4 translational profile in these cells. Together, these data support a role for HuR and TIA1 in positively regulating PDCD4 mRNA levels.
HuR and TIA1 Compete for Binding to PDCD4 mRNA-We have demonstrated by various methods that both HuR and TIA1 bind the PDCD4 transcript in MCF-7 cells. We also show that knockdown of HuR and/or TIA1 results in a steady-state decrease in PDCD4 mRNA and protein levels. However, we also observe a very interesting and seemingly dynamic mode of regulation of the PDCD4 transcript, specifically in the cytoplasm. To assess whether HuR and TIA1 cooperate or compete for binding to the PDCD4 transcript in the cytoplasm, we modulated the levels of TIA1 or HuR in MCF-7 cells and analyzed HuR/PDCD4 interactions using PLA (Fig. 8, A-C) . No difference in the probe volume was observed between the treatment groups (p ϭ 0.12; data not shown), demonstrating that probe delivery and binding as well as the level of PDCD4 mRNA were not affected by transfection. As expected, upon reduction of HuR, HuR/PDCD4 interactions decreased significantly (p Ͻ 0.001; quantified in Fig. 8C ). A similar decrease in HuR/PDCD4 interactions was observed upon overexpression of TIA1 through transfection of TIA1-GFP (p Ͻ 0.001). In contrast, knockdown of TIA1 resulted in increased HuR/PDCD4 interactions comparable with HuR-GFP transfected cells (p ϭ 0.76). These results suggest that increasing TIA1 may prevent HuR from binding to the PDCD4 3ЈUTR, but decreasing TIA1 facilitates HuR/PDCD4 interactions (Fig. 8, A-C) , which suggests a competitive relationship between HuR and TIA1 for binding to the PDCD4 3ЈUTR.
To determine whether changing HuR levels affects TIA1/ PDCD4 interactions, we modulated HuR by siRNA or HuR-GFP transfection and assessed TIA1-PDCD4 PLA values. Again, we found no difference in the probe volume between different transfection groups (p ϭ 0.21; data not shown), indicating that probe delivery and binding as well as the level of PDCD4 mRNA were not affected by transfection. As expected, knockdown and overexpression of TIA1 resulted in decreased and increased, respectively, TIA1/PDCD4 PLA interactions (Fig. 8, D and F) . Consistent with our model where HuR and TIA1 compete for binding to PDCD4, upon reduction of HuR we observed an increase in TIA1 binding to PDCD4 mRNA (p Ͻ 0.001; Fig. 8, D and F) . In contrast, overexpression of HuR did not have a significant effect on TIA1 binding to PDCD4 (p ϭ 0.21), but the level of HuR overexpression was quite modest (Fig. 8, D-F) . These results suggest that the PDCD4 transcript is competitively bound by HuR and TIA1 (schematized in Fig. 8G ) and therefore may be regulated in a different manner than a previously described target mRNA that is cooperatively regulated by HuR and TIA1 (21) .
DISCUSSION
In this study, we identified the PDCD4 mRNA transcript as a novel target of the RNA-binding proteins, HuR and TIA1. Our results show that HuR binds to the PDCD4 transcript via at least two distinct binding sites within the 3ЈUTR that overlap with TIA1-binding sites identified by CLIP-Seq (27) . We demonstrate binding of TIA1 to the PDCD4 transcript and also show that modulation of TIA1 levels regulates HuR/PDCD4 interactions in MCF-7 cells, suggesting a competitive interaction between HuR and TIA1 on the PDCD4 transcript in the cytoplasm, specifically via the PDCD4 3ЈUTR. Nucleocytoplasmic fractionation reveals a significantly more stable pool of PDCD4 mRNA in the cytoplasm compared with the nucleus, suggesting that these pools of PDCD4 mRNA are regulated in a distinct manner. Knockdown of HuR and/or TIA1 results in significant reduction of PDCD4 mRNA, supporting a role for these factors in positively regulating PDCD4 mRNA levels. This work as well as recent studies implicating HuR and TIA1 as dynamic and coordinate regulators of target mRNA expression (21, 77) suggest a novel mode of regulation of PDCD4 by HuR and TIA1 and yield mechanistic insight into the post-transcriptional regulation of U-rich-containing mRNAs, such as PDCD4.
The PDCD4 protein is an inhibitor of the eIF4A helicase, which unwinds secondary structural elements located within the 5ЈUTR of mRNA transcripts to facilitate translation (41) . PDCD4 expression is up-regulated after the initiation of programmed cell death (or apoptosis) (78) , and a reduction in PDCD4 protein levels leads to neoplastic transformation (79) . Because of the critical role for PDCD4 as a global regulator of protein synthesis and as a tumor suppressor, PDCD4 expression is regulated at multiple levels (43) . PDCD4 is regulated at the transcriptional level by the transcription factor, v-Myb (80), as well as by epigenetic regulation through DNA methylation (81) . With regard to post-transcriptional regulation of PDCD4, the only study beyond the extensive analysis of miR-21 (46, 47) , examined the regulation of the PDCD4 transcript by the splicing factor, SRSF3 (82) . SRSF3 binds to the 5ЈUTR of the PDCD4 transcript and modulates splicing and translational efficiency (82) . The work presented here, which provides evidence for two additional RNA-binding proteins that bind to and regulate the PDCD4 transcript, expands our understanding of the posttranscriptional regulation of PDCD4.
Our results show that HuR binds to two independent regions within the first 200 nt of the PDCD4 3ЈUTR. The PDCD4 3ЈUTR is considerably AU-or U-rich (68 and 37%, respectively) and contains two striking U-rich stretches within the 5Ј290 nt region of the 3ЈUTR. Indeed, these two U-rich regions are found within the first 200 nt of the 3ЈUTR and are consistent with the mapped HuR-binding sites (Fig. 3) . Preliminary secondary structure prediction analyses of the 672-nt 3ЈUTR of PDCD4 predict two single-stranded U-rich motifs within the first 200 nt, suggesting that these are the motifs bound by HuR (83) . The predicted binding sites of TIA1 on the PDCD4 3ЈUTR (27) overlap with the HuR-binding sites and, due to the U-rich preference of TIA1, likely represent U-rich regions that are competitively bound by HuR and TIA1. Previous studies demonstrate that competition between HuR and TIA1 for binding to 5Јsplice sites regulates alternative splicing in numerous cell types (84 -86) . However, there is no precedent for competition between HuR and TIA1 that influences mRNA stability and/or translation. Employing RNA imaging probes and PLA, we detected and quantified individual interactions between native PDCD4 mRNA and either endogenous HuR or TIA1 in single cells in situ. These PLA studies (Fig. 8 ) provide evidence that HuR and TIA1 compete for binding to the PDCD4 3ЈUTR. Overexpression of TIA1 reduced interactions between HuR and PDCD4, whereas knockdown of TIA1 increased HuR/PDCD4 interactions (Fig. 8) . Similarly, knockdown of HuR increased TIA1 interactions with PDCD4 (Fig. 8 ). This competition between HuR and TIA1 could provide a way for cells to fine-tune the levels of PDCD4 to modulate programmed cell death.
Although the data presented in this study suggest a model where HuR and TIA1 compete for binding to overlapping cisacting sequences, other RNAs are regulated through a mechanism where these RNA-binding proteins cooperate with one another. For example, post-transcriptional regulation of the cytochrome c gene, which encodes a key regulator of apoptosis (87), occurs through HuR and TIA1 binding to nonoverlapping binding sites in the AU-rich regions within the 3ЈUTR (21) . This study reported that HuR binding promotes the translation of the cytochrome c mRNA without affecting mRNA levels, whereas TIA1 binding inhibits translation (21) . In contrast to the competition between HuR and TIA1 that we detect (Fig. 8 ) on PDCD4, the study of the cytochrome c transcript reported that HuR and TIA1 bind cooperatively to the cytochrome c 3ЈUTR such that increasing TIA1 levels increased HuR binding; however, increasing HuR levels had no detectable effect on TIA1 binding (21) . The caveat of this study, as the authors noted, is that the analysis of cytochrome c employed recombinant, exogenous proteins. In direct binding assays that employed RNA electrophoretic mobility shift assays, the authors did not detect simultaneous binding of HuR and TIA1 (21) . These results indicate that coordinate regulation by RNAbinding proteins needs to be individually defined for each transcript. In this study, we provide evidence for overlapping binding sites for HuR and TIA1 on the PDCD4 3ЈUTR, which supports a model (Fig. 8G) where these two factors would compete for binding and subsequent regulation of the transcript.
Although the steady-state localization of HuR and TIA1 in MCF-7 cells is predominantly nuclear (Fig. 5C ), both of these proteins shuttle in and out of the nucleus (15, 16, 28, 29) . Previous studies demonstrate that HuR and TIA1 accumulate in the cytoplasm in response to various cues, including transcriptional inhibition (16, 29) , creating two pools of protein that have the potential for distinct regulation of target transcripts. Consistent with this idea, nucleocytoplasmic fractionation of MCF-7 cells treated with ActD reveals a very stable pool of PDCD4 mRNA in the cytoplasm (Fig. 5F ). Analysis of two other HuR target mRNAs (c-Myc and ␤-actin) (10, 14, 20, 72) , however, revealed similar decay profiles between the nucleus and cytoplasm (Fig. 5, D and E) , suggesting that the PDCD4 transcript is regulated in a specific manner. The observed stability of the PDCD4 transcript in the cytoplasm could be indicative of a stress response due to ActD treatment. In fact, ActD treatment results in a distinct increase in cytoplasmic localization of both HuR and TIA1 (Fig. 5C ), consistent with other sources of cellular stress that result in shifts in the localization of RNAbinding proteins (65) . We hypothesize that the enhanced stability of the PDCD4 transcript in the cytoplasm relative to the nucleus may be a result of the increased levels of HuR and TIA1, both of which play a role in positively regulating PDCD4 mRNA levels (Fig. 7B ). However, we cannot rule out that stress could trigger other changes in these cells that could influence the regulation of PDCD4.
There is precedent for post-translational modification of PDCD4 in response to various cellular cues, including methylation of PDCD4 at an N-terminal arginine residue that accelerates tumor growth (51) and promotes tumor cell viability during nutrient deprivation (88) . PDCD4 is also phosphorylated at serine 67 upon activation of Akt or S6K1, which leads to significantly decreased PDCD4 protein levels via increased proteasomal degradation (50, 89) . We observe a rapid decrease in PDCD4 protein levels upon treatment with ActD ( Fig. 5, B and C), consistent with increased activation of S6K1 (70), the kinase responsible for phosphorylation of PDCD4 at serine 67 (50) . Alternatively, treatment with ActD could alter the translational profile of PDCD4, perhaps due to an increase in the cytoplasmic pool of the documented translational repressor, TIA1 (Fig. 5C ) (40) . Although PDCD4 protein levels are rapidly degraded in these cells, we observe an underlying stable pool of PDCD4 mRNA, specifically in the cytoplasm (Fig. 5, A and F) . We hypothesize that this stable population of PDCD4 mRNA represents a pool of transcript that is readily available for translation upon extracellular cues and/or alleviation of cellular stress. This reserve would allow cells to fine-tune the expression of PDCD4 protein in response to various cellular environments. The observation that reduction of HuR and/or TIA1 results in reduced PDCD4 mRNA and protein levels ( Fig. 7) suggests that HuR and TIA1 play a role in positively regulating steady-state PDCD4 mRNA levels and may therefore assist in modulating the dynamic cytoplasmic pool of PDCD4 mRNA.
Analysis of RNA regulons and the cooperation and/or competition of multiple RNA-binding proteins on target mRNAs suggests a complex and dynamic post-transcriptional regulatory program (2) . The observation that RNA-binding proteins such as HuR interface with the miRNA machinery (90) adds additional complexity to the regulation of target mRNAs. In fact, recent studies demonstrate a competitive relationship between HuR and miRNA machinery at both the individual transcript (74, (91) (92) (93) (94) and transcriptome-wide (32, 33) levels. The transcriptome-wide PAR-CLIP analyses that examined interplay between HuR and miRNAs suggested that transcripts with nonoverlapping HuR/miRNA-binding sites (such as PDCD4) are more likely regulated by the miRNA than by HuR (32, 33) . Our results demonstrate that modulation of HuR and TIA1 impacts the steady-state mRNA and protein levels of PDCD4 and suggests a model where HuR modulates the stability of PDCD4. The mechanism by which HuR modulates stability is not well understood; however, recent studies demonstrate that direct competition between HuR and miRNAs can influence stability (91) . Alternatively, HuR binding could influence the secondary structure of the 3ЈUTR to modulate miRNA binding/accessibility (90) . This type of coordination is challenging to study and is therefore less understood than direct competition.
As mentioned previously, the PDCD4 3ЈUTR is a well studied target of the oncomiR, miR-21 (46, 47) , which is overexpressed in many cancer types (45) and targets the PDCD4 transcript via a well studied seed region within the 3ЈUTR (46) . The miR-21 seed region lies within the 290-nt region of the PDCD4 3ЈUTR that was identified in a HuR iCLIP study (12) . However, the miR-21 seed region does not overlap with the HuR-binding sites identified here ( Fig. 3 ) and instead is located more distal to the coding region (miRNA seed region designated by red asterisk in Fig. 3B ). If miR-21 is involved in HuR-mediated regulation of PDCD4 stability, the location of the miR-21-binding site is more consistent with a model where HuR impacts the local RNA structure to modulate miRNA binding than direct competition.
In addition to possible modulation of miR-21 binding, growing evidence shows that HuR binds to and regulates the processing of primary miRNA (pri-miR) transcripts (32, 33, 74) . A recent study demonstrated HuR binding to and destabilizing miR-7 (32) , suggesting that this may represent another mode of regulation by HuR in post-transcriptional processing. Interestingly, another study identified HuR binding to the pri-miR-21 transcript (33), which could indicate direct regulation of the miR-21 transcript by HuR. We did not observe an effect on steady-state miR-21 levels upon knockdown of HuR (Fig. 7C) ; however, this result does not preclude the possibility that HuR may be involved in the loading of miR-21 onto the PDCD4 transcript. Further study is required to understand how direct interactions and feedback mechanisms between miR-21, as well as other miRNAs predicted to bind the PDCD4 3ЈUTR, and RNA-binding proteins, such as HuR and TIA1, function coordinately to control post-transcriptional regulation of biologically important transcripts such as PDCD4.
An important question moving forward is how HuR and TIA1 regulate PDCD4 mRNA and protein levels in various cellular contexts. Previous studies demonstrate that both HuR and TIA1 can modulate the post-transcriptional processing of target transcripts in diverse ways in response to stress (65) . For instance, HuR and TIA1 contribute to decreased translation of the cytochrome c transcript, specifically in the context of endoplasmic reticulum stress (21) . Additionally, exposure of HeLa cells to UV light results in a dramatic association between HuR and the apoptosome inhibitor, prothymosin ␣ mRNA, resulting in increased translation (18) . These previous studies as well as others (65) support a model where HuR and TIA1 can have alternative modes of regulation on target transcripts in response to stress. Further study is required to elucidate whether HuR and TIA1 differentially modulate PDCD4 levels in various stress conditions, specifically in the context of the tumor microenvironment.
